We study the process of single ionization of Li in collisions with H + and O 8+ projectile ions at 6
I. INTRODUCTION
The study of single and multiple ionization of simple atoms by fast bare ion impact provides an excellent opportunity to explore mechanisms leading to the break up of few-body Coulomb systems [1] [2] [3] . In the last few decades, thanks to the development of cold-target recoil-ion momentum spectroscopy (COLTRIMS) [4] , there have been very intense efforts to explore the different mechanisms in fine details, see [5] [6] [7] and references therein. The very recent implementation of laser cooling in a magneto-optical trap combined with a reaction microscope (MOTReMi) has opened up the possibility of studying collision processes with state-prepared target atoms [8] .
Studying simple collision systems has the advantage of being able to get complete kinematic information on the processes experimentally. Fully differential cross sections can be determined, whose interpretation offer a real challenge for theoretical modelling. In recent years, intense discussions have been generated e.g. on the role of the nucleus-nucleus (NN) interaction or on projectile coherence effects which remain hidden in most of the less differential measurements [9] [10] [11] . The decisive role of the NN interaction has also been demonstrated in a recent kinematically complete experiment for single ionization in an initial-state selective study of O 8+ -Li(2s),Li(2p) collisions [12, 13] . Significant initial state dependence has been reported for the doubly differential cross section as function of electron energy and transverse momentum transfer. The experimental data were confronted with predictions from continuum distorted wave with eikonal initial state (CDW-EIS) calculations and, surprisingly, a classical description of the NN interaction provided the best agreement. In subsequent theoretical studies based on the close-coupling approach (CC) [14] and the coupled-pseudostate approximation (CP) [15] noticeable effects of the NN interaction have been confirmed and reasonable agreement between experiment and theory was concluded.
Distortion or polarization of an atomic electron orbital by other target electron(s) or by the incident charged particle is one of the most difficult task to deal with in the theoretical descriptions. The problem can be addressed in the distorted wave formalism [16] or in term of a polarization potential [17] . To describe the polarization potential, several functional forms have been suggested [18] [19] [20] . All of them have the V pol ≈ α/2r 4 asymptotic behaviour at large distances r from the target, where α is the dipole polarizability constant. However, at shorter distances, the exact from of the potential is not available, which is the main reason for the existence of several analytical expressions. They are usually obtained by fits to experimental data or by using some reasonable assumption on the behaviour of the potential at short distances. A large number of theoretical studies have been devoted to selecting and testing polarization potentials in the area of electron-atom scattering, see e.g.
[ [18] [19] [20] [21] and references therein. However, only little is known about the effects of V pol in heavy particle collisions, especially at high projectile energies.
In this contribution we apply the CDW-EIS method [22, 23] The article is organized as follows. In Sec II we summarize the main points of our theoretical description. In Sec III the results are discussed. A summarizing discussion is provided in Sec. IV. Atomic units characterized by h = m e = e = 4πǫ 0 = 1 are used unless otherwise stated.
II. THEORY
In order to reduce the very challenging many-electron treatment to a much simpler oneelectron description we consider only one electron in Li as active over the course of the collision while the others remain bound to their initial state. The non-active electrons are taken into account by an effective potential V Li that represents the interactions in the (1s 2 2s) ground state configuration. This potential is obtained from the exchange-only version of the optimized potential method (OPM) of density functional theory, i.e. it includes the electron nucleus Coulomb interaction, screening, and exchange terms exactly and exhibits the correct -1/r T behaviour, but it neglects electron correlation (r T denotes the position vector of the electron relative to the target nucleus) [24] . The above assumption on the description of the target is the essential point in the application of the independent electron model (IEM) where electrons are considered to evolve independently and it enables to simplify the treatment of a many-electron collision problem to a three-body system [2] .
In the following we consider a three body-collision, where a bare projectile ionises a target initially consisting of a bound system of an electron and a core represented by the V Li interaction potential. Furthermore, we apply the impact parameter method, where the projectile follows a straight line trajectory R = ρ+vt, characterized by the constant velocity v and the impact parameter ρ ≡ (ρ, ϕ ρ ) [25] . The one electron Hamiltonian has the form
where r P denotes the position vector of the electron relative to the projectile nucleus having nuclear charge Z P . The single particle scattering equation is solved within the framework of the CDW-EIS approximation, where unperturbed atomic orbitals in both the incoming and outgoing channels have been evaluated on the same V Li potential, see refs. [16, 22, 23, 26] for more details. Here we note that a similar formalism, including transition amplitudes from a basis generator method calculation, was used in our recent study of excitation and ionization in the 1.5-MeV/amu O 8+ -Li collision system [27] .
The doubly differential cross section (DDCS) differential in energy of the emitted electron
e /2; k e ≡ (k e , θ e , ϕ e ) is the electron momentum) and in the transverse component (η ≡ (η, ϕ η )) of the projectile's momentum transfer q
where ∆E = E e − ε i , ε i is the binding energy of the electron in the initial state, k i(f ) stands for the projectile momentum before (after) the collision and R ik (η) is the transition matrix.
In equation (2) the projectile's momentum transfer and consequently the projectile scattering is defined by the interaction of the projectile with the active electron. However, the scattering of the projectile also depends on its interaction with the target core, (so-called NN interaction). We approximate this interaction by using the potential
where
describes the interaction between the projectile and the passive electrons. In (4) ψ 
On the accuracy of (5) 
V pol (R) in (3) accounts for the (adiabatic) polarization or distortion of the core electrons by the incident charged particle [17, 21] . Its use is based on the idea that the electric field of the projectile at distance R gives rise to an instantaneous (first-order) distortion of the coreelectron orbitals, thereby modifying the interaction of those electrons with the projectile.
Polarization potentials have been used in many studies up to fairly high projectile energies [18, 20, 21, 29] ; in particular in [15] , in which the CP method was applied to the collision system considered in this work. Different types of analytical approximations are available for V pol (R) and we consider the following frequently used three forms:
where α is the atomic dipole polarizability parameter [20] and d is a "cut-off" parameter whose value is taken as the average radius of the Li + (1s 2 ) ion (d=0.57 a.u. for the present case) [19] ;
with r d =0.47 [30] ; and
with ξ = R/r o where e n (ξ) is the truncated exponential function e n = n i=0 (ξ) i /i!, r o =0.116, m =6 and n=2 [18] . All these polarization potentials have the form V pol (R) ≈ −α/2R 4 at large distances and differ in the short-range limit due to the "cut-off" parameters or functions which contain parameters estimated on some reasonable assumptions.
Effects of the NN interaction on the scattering process can be investigated by solving the Schrödinger equation for the Hamiltonian (1) with inclusion of the potential (3). However, the solution simplifies remarkably if one considers that (3) depends on R alone and so V N N can be removed from (1) by a phase transformation. The transition matrix R ik (η) that takes the internuclear interaction into account can then be expressed as [25] 
with a ik (ρ) = e iδ(ρ) A ik (ρ), where A ik (ρ) is the transition amplitude calculated without the internuclear interaction, and the phase due to (3) is expressed as
III. RESULTS
A. Doubly differential cross sections for the ionization of Li (2s) and Li(2p)
In Figures (1)- (7) we compare our CDW-EIS results of dσ 2 /dE e dη for proton and O
8+
impact on Li(2s) and Li(2p) with measurements of LaForge et al [13] and Hubele et al [12] for the electron ejection energies of 2, 10 and 20 eV. The experimental data of [13] and [12] are not on the absolute scale, only the relative normalisation was fixed for different E e and for Li(2p) relative to Li(2s). Following previous works [13] [14] [15] we have fixed the absolute scale in the Figures by normalising the data to our CDW-EIS cross sections for 2eV ejection from Li(2s) at η=0.65 a.u.
H + projectile impact at 6 MeV
In is clear from Figs (1) - (3) (a) and (b) that the role of the internuclear interaction is negligible in the whole range of η where the measurements have been taken when the projectile is a 6 MeV proton. This has also been noted in [13, 15] . We have also evaluated (1) - (3) also show results of CDW-EIS calculations by LaForge et al [13] . Their results are almost the same as the present ones for all E e 's when the shapes of the curves are considered. Slight differences appear mostly at small η values and for those η's where the DDCS's have maxima. As noted above the NN interaction is negligible for proton impact, so the difference between the two CDW-EIS calculations lies in the description of the target orbitals. However, it must be noted that the above discrepancies are within the experimental uncertainties. V N N (R) of (3) reaches its asymptotic limit and behaves as Z P /R when ρ ≥ 1-2 a.u. So the DDCS is governed by the asymptotic form of the NN interaction in almost the entire range of impact parameters. Here we note that similar findings on the role V s in (3) were reported in [31] for the case of 100 MeV/amu C 6+ and 1 GeV/amu U 92+ impact on helium.
Let us now consider results obtained with (3), i.e. the full form of the NN interaction potential, in which V pol is also taken into account. It is clear from the lower panels of Figures (1) - (3) that V pol has a negligible effect at low η values, however, it plays a drastic role in the large η region. Very good results are found in the whole η region for all electron energies when V pol takes the form (6). Taking (7) for V pol also results in good agreement below η ≤ 2 a.u., while above this value these calculations overestimate the experiment. We note that a V pol same or similar as in Eq. (7) was probably used in [15] , which is supported by the fact that the results reported in that work are consistent with the present ones. Results with V pol of (8) Hitherto, we have discussed DDCS results by considering only their shapes. Obviously, confronting a calculation with a measurement that is lacking an absolute normalization might influence the assessment of the validity of the theory. In Figures (1) - (3), we have normalized the measured DDCS to our calculation at η=0.65 a.u. for Li(2s) at E e =2 eV.
Normalization at a different η might modify the judgement of the theory. This is especially obtained from V pol of (7) and (8) . It is clear that the phases are the same for all forms of polarization potential when ρ ≥ 1, however, the deviations are significant at small ρ due to different cutting procedures in (6) and different forms of V pol . Apart from the very low ρ region, which is unimportant for the DDCS, V pol of (6) with d=0.3 provides nearly the same δ pol as that of (7). At the same time δ pol provided by V pol of (6) (6) and (7) we give a comparison of the present, the CC, and the TDCC results for some selected collision parameters. In Figure (6) we compare the present DDCS results for O 8+ + Li(2s) collisions at E e =2 eV with the CP and the TDCC results. The DDCS from the TDCC calculation is normalized to the present data at η=0.65 a.u. while those from the CP is shown on an absolute scale. In [15] the polarization potential was given by (7) and the agreement between their and our results obtained with V pol of (7) is good except around η=2 a.u. In [14] the NN interaction was taken into account by the Coulomb repulsion with an effective charge and those results seem to be comparable to our results without V pol .
Similarly good agreement between our and the CP results of [15] can be observed in Figure   ( 
B. Fully differential cross sections
A more detailed analysis can be performed on the level of the fully differential cross section (FDCS) dσ
where dΩ f (θ f , φ f ) and dΩ e (θ e , φ e ) denote the solid angles for the scattered projectile and emitted electron, respectively. We think that the observed discrepancy is related to the slightly different account of the NN interaction in the two calculations and this difference is probably emphasized with the decrease of E e .
Figure (9) shows the fully differential angular distribution of electrons ejected in 1.5
MeV/amu O 8+ -Li(2s) collisions. E e is fixed at 1.5 eV and q=1.0 a.u. (6), (7) and (8), respectively.
Considerable differences can be observed between results with and without NN interaction.
The more characteristic differences are the sharpening of the FDCS in the direction of q without NN interaction only give rise to the centroid peak at φ=90 o . This has already been reported in [12] and [15] . At the same time considerable discrepancies are visible among results with different V pol . The node of the 2s orbital is at around r T ≈ 1 a.u.. This is the distance where the differences in the polarization potentials are emphasized. Moreover, the phase due to V pol affects the full NN phase only for ρ ≤ 1 a.u.. Accordingly, the strong variation of the FDCS with V pol supports the idea that the shape of the wings is determined by the low ρ character of the NN interaction.
Weaker deviations appear between calculations with and without NN interaction for the Li(2p) ionization FDCS at q=0.3 a.u., see Figure (10 ). This FDCS is not symmetric with respect to the collision plane even for the calculation without NN interaction and the NN interaction further emphasizes this asymmetry.
Satellite peaks in the ionization of Li(2s)
Finally let us turn our attention to the satellite peak structure or the presence of the wings in the FDCS of Figures (8) (c) and (9), respectively. First of all we note that slow electrons are usually ejected in distant collisions between the projectile and target, where the three-body dipole interaction dominates [1] . At the same time for high impact velocities and large projectile charges the two-body binary encounter mechanism plays an important role and manifests itself as a sharp peak at θ e ≈ 90 o in the angular distribution. This is well seen in Figure (11) (a) where the DDCS versus θ e is presented for E e =1.5 eV. Results only due to the dipole interaction are derived from a CDW-EIS calculation where only the l=0,1 partial waves from the expansion of the wave function for the final state have been taken into account [22] . The definite role of the binary mechanism is well seen at θ (with Z p =8) from the target nucleus at q=1 a.u. is at ρ ≈ 2.5 a.u. For Z p =1 this region shifts to the much lower value ρ ≈ 0.2 a.u. where the electron density is negligible. These results confirm the idea that the presence of the satellite peak or the wing structure in the FDCS is due to the combination of the NN interaction and the binary collision mechanisms.
This idea is further supported by the fact that a calculation performed at q=1 a.u. for the case of the 2p orbital shows similar satellite peak structures as discussed for 2s in Figure (8) (c).
IV. SUMMARY AND CONCLUSION
In this paper we applied the continuum distorted wave with eikonal initial state approx- DDCS has been obtained when V pol is given by (6) . V pol of (6) depends on a cut-off parameter and its proper value might differ for the processes and systems under study. Note that we used d=0.57 for our best results, while values for d=0.3-0.93 have also been recommended in various studies in the field of electron-atom collisions [19] [20] [21] . In the case of the FDCS deviations in different forms of the NN interaction potential are more emphasized.
The satellite peak structure observed in the FDCS for the O 8+ -Li(2s) system were attributed to the nodal structure of the 2s orbital in [12] and [15] . Our study offers an alternative explanation, namely that the satellite structure is due to a combination of the NN interaction and the binary interaction mechanism. We thank Eberhard Engel for making his atomic structure calculations available to us and Daniel Fischer for discussions on the data of Ref. [13] . (7) with dashed red and of (8) with dot-dot-dashed green lines. • experimental data from [13] as renormalized recently [32] . [15] and [14] , (results from [14] are normalised to the present data at η=0.65 a.u.).
• experimental data from [13] as renormalized recently [32] . 
